Abstract. Heavy metals chemical speciation in Lake Chapala sediments was studied using sequential extraction to assess the mobility of potentially biotoxic metals and to elucidate their sources. Lake water quality was also studied. Results show Cd, Pb, Cr present in exchangeable and carbonate fractions indicating anthropogenic origin. An ecologic history indicates anthropogenic sources of Cd, Pb, Cr during 1960-2006. Risk Assessment Code indicates very high risk of pollution for water column due to high potential detachment of heavy metals. Key words: sediments; toxic metals; speciation; lake pollution.
Introduction
Metals enter the aquatic environment from a variety of sources, including those naturally occurring through biogeochemical cycles [1] and those added through anthropogenic sources, namely from industrial and domestic effluents, urban, storm water runoff, landfill leachate, and atmospheric sources [2] . The migration behavior and bioavailability of metals is controlled by the way in which metal ions are distributed between the aqueous and particulate phases. As a result, sediments act not only as transport media of contaminants, but also as potential secondary sources of contamination of an aquatic system [3] . Changes in environmental conditions (e.g., variations in pH, redox potential, metal concentrations in solution, and complexation) may cause metals to be remobilized from sediments, thus posing an environmental risk [4] .
To assess the potential pollution effects of metal-bearing sediments to biota (e.g., bioavailability and toxicity), the sole criterion of total metal concentration can not provide data about the extent of pollution [5] due to the assumption that all the species of a particular metal have equal impact on the ecosystem [6] . As a result, other analytical methods must be implemented, such as metal fractionation [7] . The advantages of sequential chemical metal speciation over total metal extraction include: 1) assessment of the source of a particular metal (i.e., natural or anthropogenic), 2) determination of the relative toxicities to aquatic biota, and 3) a better understating of metal-sediment interactions [8] . On the other hand, since the mobility of a metal and its bioavailability also depend on its speciation, considerable attention has been paid to this aspect in lacustrine systems. For example, Fityanos et al. [9] employed a five-step sequential metal extraction procedure to evaluate pollution by six metals (Cd, Cr, Pb, Mn, Zn, and Cu) of two lakes of Northern Greece, Volvi and Koronia. Their findings demonstrated that Cd, Cr, Pb and Cu were bound to oxidizable and residual fractions, and to a lesser extent, to carbonate fractions thus posing a low pollution risk to the lakes. In contrast, Dollar et al. [10] employed the sequential extraction scheme of Tessier et al. [6] to separate the portion of a metal bound to different geochemical groups at Indiana Dunes National Lakeshore. Their results showed a potential risk of pollution by the release of Cd, Pb, and Cr present in the exchangeable and carbonate fractions (attributed to anthropogenic sources). In the case of the Mexican Lerma-Chapala Watershed, previous studies using total metal concentrations demonstrated that suspended sediments acted as transport vectors of six metals (Cd, Cr, Ni, Cu, Pb, Zn) along the Lerma River, with Lake Chapala as the final destination of these pollutants [11] . However, these studies do not envisage the sources of pollution of those metals, thus limiting the extent of contamination assessment that would be helpful in proposing more effective pollution control procedures.
In view of the lack of studies that evaluate the heavy metal pollution risks from sediments to water from Lake Chapala, the main objective of the present study was to investigate -using a five-step sequential extraction procedure-the geochemical groups the different trace metals belong to (Cr, Pb, Cu, Cd, Ni, Zn). The procedure was used for the study of the sediments from two sites of this lake and the potential pollution risk they pose to the water column. The source of metals was determined at a point in the depocenter of the lake (Site 8, Figure 4 ), and at a point near the intake site of the aqueduct that supplies water to the city of Guadalajara (Site 9, Figure 4 ). The depocenter of a basin is the area of maximum sediment deposition, i.e., the place where the sedimentary column reaches its thickest value and the sedimentary process is disturbed the least [12] . An ecologic history of 40+ years was reconstructed for site 8 based upon sediment samples at a depth of 10 cm.
Results and discussion

Physicochemical parameters of waters from Lake Chapala
The results of water quality measured through several physicochemical parameters of various sites of Lake Chapala are shown in Table 1 . As a guideline for pH ranges, the World Health Organization (WHO) [13] sets an acceptable pH range of 6.5-8.5 for this type of freshwater bodies. The pH values obtained in this study are in the range of 7.79-8.82 indicating a slight alkalinity of the lake. Conductivity, which reveals the status of pollution by major inorganic ions and is taken as a measure of Total Dissolved Solids (TDS) and ionized species, shows values in the range of 659-837 mS/cm along the stations sampled. TDS values are in the range of 652-828 mg/L, while total solids values (TS) vary from 1,333 to 5,333 mg/L. TDS concentrations during the dry season suggest possible leaching from the basin through the Lerma River and erosion of nearby hills to the lake. N-NO 3 -varied from 1.48 to 4.59 mg/L and phosphate concentrations (P-PO 4 3-) varied from 13.77 to 23.53 mg/L. Values of these nutrients are fairly high compared to values established by the United States Environmental Protection Agency Water Quality Criteria [14] which sets a maximum value of 0.025 mg/L of phosphates within a lake or reservoir. Nitrate and phosphate values of this study are higher compared to those reported by De Anda and Shear for the same lake [15] . High nitrate and phosphate concentrations can be attributed to the widespread use of phosphate-rich fertilizers and detergents along the lake's shoreline and along parts of the Lerma River close to the lake used for agricultural and livestock activities. Chemical Oxygen Demand (COD) varied from 16 to 43 mg/L and dissolved oxygen concentrations (DO) ranged from 7.18 to 9.88 mg/L. These values are indicative of a good oxygen saturation level. In fact, east-west and west-east wind velocities can reach values above 9 km/h and are responsible for maintaining water circulation, keeping waters under a good mixing regime [15] [16] . BOD 5 values for all sites comply with Mexican standards for waters to be used for human consumption after a purification treatment [17] .
Distribution curves of total metal concentrations in the lake's water (including suspended matter) are shown in Figure  1 . Cadmium concentrations (7-9.6 mgL -1 ) decrease in the east to west direction of the lake with the highest concentrations observed at the Lerma River inlet. This trend suggests that Cd has been introduced into the lake through the Lerma River stream. Suspended sediment is known to be the main transport vector of Cd through the Lerma River [18] . The presence of this metal should be monitored since water from Lake Chapala is used for human consumption. In the cases of Pb and Zn, their concentrations show an increasing trend from east to west, suggesting that a large portion of these metals is not added into the lake through the Lerma River stream, but by populations located along the lakeshore. The highest concentrations of Zn and Pb are observed at site 6 (Zn =35.6, Pb=109.3, in mg L -1 ) and site 9 (Zn = 41.1, Pb = 174.4, in mgL -1 ). In the case of site 6, these levels can be attributed to untreated municipal discharges of the mid size city of Tizapan 
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(pop. ~20,000) and to runoffs. In the case of site 9, the presence of Pb and Zn can be due to untreated wastewaters from galvanizing plants (located in the village of Chapala). In the case of Fe, the high concentrations observed can be attributed to sediment resuspension due to wind action in this shallow lake [19] . Cr and Cu are below the detection limit of the instrument at all sites.
Physicochemical characteristics of Lake Chapala sediments
The physicochemical characteristics of Lake Chapala sediments from sites 8 and 9 are shown in Table 2 . Sediment pH was 8.22 (site 8) and 8.29 (site 9), indicating their slightly alkaline nature. The low organic matter content (site 8: 0.61 %; site 9: 0.51%) and the presence of carbonates (site 8: 0.11%; site 9: 0.22%) in sediments of these sites can explain the relatively low amounts of metals bound to the organic matter fraction and the predominance of some metals present in the carbonate fraction (e.g. Cd, Pb, and Cr), as will be shown in the fractionation studies section. The carbonate contents at both sites are in agreement with literature reports which indicate that terrigenous particles are the major component of sediments with ca. 2-5% wt. calcite (0.20-0.6 g C inorg ) [20] . ζ-potential values are -26.8 and -16.9 mV for sites 8 and 9, respectively ( Table 2) . These values are characteristic of clay minerals and, to a lesser extent, of calcites which carry a net negative surface charge derived from isomorphic substitutions in the lattice [21] . Negative ζ-potential of mineral particles in natural environments has been attributed to the adsorption of organic matter. Acting as a coating, organic matter renders the surface charge of particles uniformly negative regardless of their composition and structure. Even though literature data on ζ-potential of organic substances is scarce, there is considerable information on the ζ-potential of particles influenced by organic matter that clearly show the negative nature of the aepotential formed after organic matter adsorption [22] [23] [24] .
Total metal concentrations in Lake Chapala sediments
The total metal concentrations in sediments of two sites of Lake Chapala are shown in Table 3 along with the Average Abundance of Metal in Basaltic Rocks (AAMBR) [25] , LEL and SEL values. LEL is the Lowest Effect Level; the majority of benthic organisms can tolerate this level whose value is obtained by using field data on the co-occurrence of sediment concentrations and benthic species [26] [27] . SEL stands for Severe Effect Level and it represents contaminant concentrations in sediments that could potentially eliminate most of the benthic organisms [27] . AAMBR, LEL and SEL values are taken here as reference points to assess the level of contamination of Lake Chapala sediments. Cd and Pb concentrations exceed AAMBR, LEL and SEL at both sites, with the highest value at site 8. Due to the alkaline nature of water in the lake, metals such as Pb, and to a lesser extent Cd, can be present as precipitates in the sediments and settled as carbonates, oxides and hydroxide-bearing sediments; elevated metal concentrations indicate higher exposure risks to the benthic biota of the lake. The rest of metals show the following trend at both sites: Cr < SEL, AAMBR, LEL; LEL <Zn < SEL; AAMBR, SEL > Mn > LEL at site 8; Mn > AAMBR, SEL, LEL at site 9. 
Fractionation studies
Potentially toxic metals were found in the five extracts of the sequential procedure. Singh et al. [5] and Jain [8] suggested that a large part of metals introduced by human activity were present in the exchangeable fraction and the fraction dissolved with acetic acid (carbonates). It can be assumed that the portion of metals that is the most liable to be released from a sediment corresponds to the portion extracted during the first two steps. Metals bound to the easily reducible phase (Fe/Mn oxides) and to organic matter and sulfides may be better held by a scavenging effect (i.e., this fraction acts as a sink of metals). Metals in the residual fraction, strongly bound to solid matter, originate mainly from natural sources [28] . The speciation patterns of different metals in Lake Chapala sediments from sites 8 and 9 are shown in Figure 2 . Cd profiles at the two sites feature significant portions bound to the exchangeable and carbonate fractions; a small portion is present in the organic matter fraction at site 9, whereas it is absent at site 8 in this fraction; the rest of Cd is present in the residual fraction. Pb fractionation at site 8 shows a major portion associated to both organic matter and exchangeable fractions, whereas Pb in the exchangeable fraction is predominant at site 9. Cr profiles at both sites show major portions bound to the residual fraction, followed by exchangeable, Fe/Mn oxides, and carbonates. Zn distribution at both sites shows significant amounts bound to the residual fraction. Ni at both sites is mostly bound to the residual fraction and a moderate portion bound to the exchangeable and carbonates fractions. The Cu profile at both sites shows major portions bound to the residual fraction. It is evident from these results that major portions of the metals studied here are bound in different forms with different strengths. In summary, sites 8 and 9 show significant amounts of Cd, Pb and Cr that were leached out from the sediment during the first two steps (exchangeable and carbonate fractions). It is likely that these metals have been introduced into the lake mostly by anthropogenic activities. The reactivity of sediments was evaluated by applying the criterion of the Risk Assessment Code [29] . This criterion (shown in Table 4) considers that when less than 1% of the total metal content is bound to the exchangeable and carbonate fractions, i.e., liable to be released from the sediment, the latter will be considered safe for the environment; when more than 50% of the total metal content can be released from exchangeable and carbonate fractions, the sediment will be considered of very high risk; the rest of the classification includes low risk (1-10%), medium risk (11-30%) and high risk (31-50%). This code, applied to sites 8 and 9, reveals that about 39-63 % of the lead, 86-89% of cadmium and 47-62% of Cr was present in the exchangeable and carbonate fractions thus posing a very high risk of pollution at these two sites. Cu, Ni, and Zn were mostly present in the Fe/Mn oxides, organic matter and residual fractions thus posing a low risk of pollution at both sites. The measurements for the stratigraphic control of Lake Chapala were based on: a) grain-size analyses on 13 gravity core samples, and b) mass magnetic susceptibility vertical profiles (χ, in m 3 kg -1 ) developed on five gravity core samples distributed throughout the lake at different elevations above sea level (identified as CHP 75, CHP 40, CHP 30, CHP 71 and CHP 55) [30] . A generalized east-west profile from Lake Chapala with the projected separation distances between each point from which the cores were taken, is shown in Figure  3 . The results of these measurements indicate that shallow sediments are silty and dark with a granulometric median of 5 to 20 µm in diameter. There are some levels thinner than 2 mm containing coarser grains (80-150 µm) of volcanic origin which have been attributed to both the presence of ash fall and high titano-magnetite concentrations intercalated in the sedimentary column [31] . On the other hand, the continuous line joining all graphs shown in Figure 3 , identifies the coarser grain level as lithologic marker horizon due to their high mass magnetic susceptibility (χ >2000 × 10 -9 m 3 kg -1 ) and their general distribution throughout the lake.
Sedimentation rates in lakes (SR) are generally rather variable in the different geographies, and Lake Chapala is not an exception. SR's at lake Chapala were deduced by Fernex et al. [31] based on 210 Pb, 137 Cs and 240 Pu radiometric methods applied on gravity core samples distributed throughout the lake. Their results showed SR variations as follows: in the western part of the lake, SR ≤ 2 mm year -1 ; in both the depocenter and the eastern area, SR ≥ 2.5 mm year -1 ; and near the Rio Lerma inlet, SR >3.5 mm year -1 . Therefore, by considering an approximate SR value of 2.5 mm year -1 (corresponding to the depocenter), a depth of -10 cm of sediments from site 8 is correlated to represent a history of ~40 years between 1960-2000. It is then possible to predict the source of metals present in the sediments of the lake during a given time period. For example, in the case of lead, a total of 268.8 mg kg -1 was found in this study from which ~43% was present in both exchangeable and carbonate fractions. This means that 115.6 mg kg -1 of this metal were introduced at site 8 mostly from anthropogenic sources from the mid 1960's through the first quarter of 2006. Following the same rationale, in the cases of chromium and cadmium, 20.9 mg Cr kg -1 (46.7% = exch + carb; total 44.7 mg kg -1 ) and 12.3 mg Cd kg -1 (82% = exch + carb; total 14.98 mg kg -1 ) were introduced into the lake at site 8 from anthropogenic activities during the same time period. Cu, Ni and Zn fractionation results indicate chiefly natural sources of these metals. In the case of site 9, an ecologic history (as that obtained for site 8) cannot be determined since the samples at this site were taken from the water-sediment interface and not from the sedimentary column. However, metal speciation permits us to ascertain the source of a given metal in samples from this site, as discussed in the previous paragraph. Metal analyses of sites 8 and 9 suggest that pollution by Pb, Cd and Cr from anthropogenic sources continues and that more strict measures should be taken to minimize this problem.
Conclusions
The analyzed physicochemical parameters of waters from Lake Chapala are within international values (WHO and USEPA). The presence of Cd in lake waters suggests the need of careful monitoring of the water supplied to the city of Guadalajara dedicated to human consumption. Parameters such as phosphates and nitrates exceed the corresponding limits set by WHO and USEPA. High concentrations of these nutrients were attributed to the widespread use of phosphate-rich fertilizers and detergents on pieces of land along the lake shoreline and in some parts of the Lerma River close to the lake. ae-potential values of Lake Chapala sediments for sites 8 and 9 were characteristic of clay minerals and were attributed to the adsorption of organic matter. For the first time, sequential metal extraction techniques were applied to two sites of Lake Chapala sediments to determine the origin of metal contaminants. At site 8, we can conclude that Cd, Cr, and Pb were introduced to the lake via anthropogenic activities from the mid 1960's through the first quarter of 2006. Cd was likely introduced into the lake mainly through Lerma River inputs, whereas Pb and Cr were introduced via municipal and industrial discharges of untreated wastewaters of cities located along the lakeshore. This is in part due to the fact that Mexican water regulations do not require tertiary treatments to eliminate these toxic metals. By applying the Pollution Assessment Risk Code at sites 8 and 9, these sites show a very high contamination risk due to the presence of Cd, Cr and Pb in the two more labile fractions of the sediments (i.e., exchangeable and carbonates). A study is in progress to determine more accurately (via transport models) metal pollution point sources that would help to propose pollution control policies with the final objective of reducing the presence of toxic metals in the lake. Finally, metal concentration data in waters from Lake Chapala indicate the need for continuous monitoring of the levels of cadmium and lead in waters to be used for human consumption.
Materials and methods
Study area
The Lerma Chapala Watershed is located in the central part of Mexico and comprises the Lerma River and Lake Chapala as the final part (Figure 4) . The watershed covers approximately 54,000 km 2 of roughly basaltic lithology [20] and the Lerma River is ~700 km long. The watershed receives ~3 % of the country's total rainfall, less than 1% of the runoff, and accounts for ~13% of the total groundwater [11] . The lake is located in the western central part of the country between 20° 07' and 20° 20' N and between 102° 42' and 103° 25' W at about 1515 m above sea level; it covers a surface area of ~(80 × 15) km 2 , and its average depth varies between 4 and 7 m, depending on: 1) the annual rainfall (affected by short-term fluctuations of 2 to 7 years due to El Niño Southern Oscillation (ENSO) and by changes of solar activity with periods of 11, 22 and 45 years [32] and, 2) to a lesser extent, the amount of water extracted for human consumption. The lake is generally considered well mixed due to wind action and low depth which helps reducing stratification. As a result, the lake is oxidized (no eutrophication) at all depths [33] . Lake Chapala is of major importance to both ecologic systems and socioeconomic activities within the state of Jalisco. However, pollution of this water body by heavy metals has prompted concern since it provides ~7.5 m 3 /s of water consumed by nearby Guadalajara [34] . The lake receives many contaminants coming from municipal, industrial, and agricultural activities that are discharged by cities located along the Lerma River [18] . For example, reports by Hansen and van Afferden [26] indicate that the city of León contributed with ~ 48% of the lead to the Lerma River. At the same time, the cities of Celaya, La Barca, Salamanca, León and Querétaro (Figure 1 ) contributed all together with ~ 42% of the cadmium. Unfortunately, a large portion of this metal ends up in Lake Chapala.
Reagents and instruments
All reagents were analytical grade and used without further treatment (Aldrich Chemical Co). Metal concentrations were analyzed with an atomic absorption spectrometer (AAS, Perkin Elmer Model AAnalyst 200). Certified standard metal ion solutions (Varian Instruments, Victoria, Australia) were used to obtain concentration versus absorbance calibration curves. Instrument detection limits (μg/L) were: Cd = 3; Pb = 50; Cr = 20; Zn = 5; Ni = 20; Cu = 10. Blank solutions with the same composition as the target solution but without metal ions, were used as background for absorption corrections. If sample concentrations were out of the range of the calibration curve, they were diluted. All the solutions were prepared using deionized water with a resistivity of 18 MΩ (Barnstead filtration system).
Collection and analysis of water samples
Water samples were collected during the 2006 dry season (March and April) from 9 different sites located along the lake (Figure 4) , selected on the basis of their potential of pollution by heavy metals due to anthropogenic activities. Water samples were manually collected from approximately 30 cm beneath the water surface in polyethylene bottles (previously soaked in HNO 3 10% v/v for 24 h and rinsed several times with doubly distilled water). All samples were cooled at 4°C and taken to the laboratory for further analysis. Dissolved oxygen (DO), temperature, and pH were determined in the field. The analyses of physicochemical parameters for water quality (shown in Table 1 ) and of total metal concentrations followed protocols established by the Mexican Standard [35] and APHA [36] . For total metal analysis (i.e., the sum of the concentrations of metals in both dissolved and suspended fractions), samples were acidified in the field with concentrated HNO 3 (5 mL per liter of water) to lower the pH below 2; samples were then digested according to the APHA Method 3030K: Microwave-Assisted Digestion [36] in a programmable Microwave Oven Model Ethos Touch (Sorisole, Italy). Briefly, 45 mL of unfiltered lake water sample was placed into the digestion containers and 5 mL of conc. HNO 3 was added. The oven was programmed to heat the samples in a first stage at 160 ± 4°C (545 Watts) for 10 min followed by a second heating stage at 165-170°C (344 Watts) for 10 min. The containers were cooled down to room temperature and weighted. If the net weight percent of sample plus acid in the container decreased more than 10% after digestion, the sample was discarded and a new sample was digested. Blanks containing all the components except lake water sample were analyzed to determine background interferences.
Sediment sampling
Core sediment samples were taken from sites 8 and 9 ( Figure  4 ). Site 8 was selected to evaluate the undisturbed natural conditions of the lake and site 9 due to its proximity to the intake site of the aqueduct. The depocenter was deduced from measurements of five magnetic signal profiles [37] and was found to cover an area of about (5 × 10) km 2 (see inset, Figure  4 ). Core sediments from site 8 were collected using a Benthos type gravity corer and immediately sealed to avoid contact with air; the first 10 cm were used for chemical fractionation analysis and to determine the ecologic history. Water-sediment interface samples from site 9 were taken with a cylindrical type nucleator device and the top 10 cm were used for chemical fractionation analysis. Samples from site 9 were placed in polyethylene bottles (previously soaked in HNO 3 10% v/v for 24 h and rinsed several times with doubly distilled water), immediately sealed to avoid contact with air, and transferred to the laboratory for analysis. All sediment samples were air dried, passed through a 75 µm sieve to obtain the silt/clay fraction, frozen, and stored in sealed plastic bags. The analysis of the fraction < 75 µm was performed since silt and clay size particles adsorb the highest concentrations of pollutants and are more readily transported in suspension in natural waters [9] .
Physicochemical characteristics of Lake Chapala sediments a) Sediment pH. Approximately 10 g of air-dried sediment was suspended in 50 mL of deionized water and manually agitated for 5 min. The suspension was allowed to rest for about 1 h with occasional shaking until the pH was measured. b) Organic matter and carbonate content. The determination of organic matter (at 550°C) and carbonate content (at 950°C) in sediments were performed by the method of loss on ignition, LOI [38] . c) ζ-potential measurements. Electrophoretic mobility of sediments was measured with a Zeta Plus ζ-potential analyzer (Brookhaven Instruments, Holtsville, NY) and converted to ζ-potential.
Sediment total metal digestion
About 0.5 g of sediment was digested with 2 mL of conc. HClO 4 and 10 mL of conc. HF in a Pt crucible and boiled to near dryness. Then 1 mL of conc. HClO 4 was added and the sample was boiled until white fumes appeared. The residue was dissolved with conc. HCl, transferred to a 50 mL volumetric flask and brought to the mark. Digestion extracts were used to analyze total metal concentrations by AAS. Blanks containing all the components except sediment were analyzed to determine background interferences. Humidity was determined by weight difference after heating the samples overnight at 105°C. All measurements were performed in triplicate and average values reported.
Sediment metal fractionation
The sequential extraction procedure proposed by Tessier et al. [6] was applied to obtain partitioning of trace metals on the lake's sediment samples. Pitfalls of such procedures have been recognized on metal speciation, in particular in anoxic sediments. These include for example, the following: 1) the hydroxylamine solution that acts as moderately reducing reagent in oxic sediments may dissolve amorphous sulfides; 2) chemical fractionation may be modified since transfer from one geochemical group to another may occur during drying. Because of this, Forstner et al. [39] and Ambatsian et al. [40] recommended to apply the fractionation scheme to fresh samples and refer to the water contents for evaluating the amount in dry sediment. However, the surface sediments in Lake Chapala are not anoxic or at least just postoxic; therefore, only slight modifications would be expected during drying. As the procedure of Tessier et al. has frequently been used, easy comparisons can be made with results from studies of other areas [10, [41] [42] . The following extractions were obtained: a) Exchangeable: about 1 g of sediment sample was treated with 10 mL of 1.0 M MgCl 2 (pH 7) for 1 h at room temperature with continuous agitation; during this first step, recently formed hydrous oxides may be dissolved [39] ; b) Bound to carbonates: the residue obtained from the previous step was treated with 10 mL of 1.0 M sodium acetate previously adjusted to pH 5 with acetic acid. The sample was continuously agitated for 5 h at room temperature. Metals weakly bound to oxides or hydroxides can be leached by the acetic solution; c) Fe/Mn represent the easily reducible fraction, i.e., Mn oxides and Fe hydroxides: the residue from the previous step was placed under a reflux of 20 mL of 0.04 M NH 2 OH: HCl in 25% v/v acetic acid at 100°C for 6 h; d) Bound to organic matter: to the residue from the previous step, 3 mL of 0.02 M HNO 3 and 5 mL of 30% H 2 O 2 were added and the pH was adjusted to 2 with HNO 3 ; a second aliquot of 3 mL of 30% H 2 O 2 (pH 2 with HNO 3 ) was added and the sample was refluxed again for 3 h. The sample was allowed to cool down to room temperature and 5 mL of 3.2 M CH 3 COONH 4 in 20% v/v HNO 3 was added. The suspension was diluted to 100 mL and continuously agitated for 30 min. The addition of ammonium acetate is intended to prevent adsorption of the extracted metals onto the oxidized sediment; e) Residual metals: the residue from the previous step was treated following the total metal digestion procedure described above. All the selective extractions were conducted in centrifuge tubes (polypropylene, 25 mL) to minimize loss of solid material. Suspension separation was performed between each successive extraction by centrifuging at 5000 rpm for 30 min. The supernatant was removed with a pipette, the solid residue washed with deionized water, and the washings were saved for further metal analysis to verify mass balances. Comparison of metal content between the two procedures (i.e., total and sequential) showed a ≤ 10 % difference for most of the metals. All measurements (total and sequential) were performed in triplicate and average values reported.
